We investigate ambient fluid entrainment and near-field flow characteristics of a free surface plunging jet for five Reynolds numbers ranging from 3000 to 10000 using timeresolved stereo particle image velocimetry (SPIV). We present time-averaged velocities, RMS velocity fluctuations, mean entrainment and unsteady flow features and compare them with previous studies on free jets. We find that plunging jets have a smaller potential core length, and earlier decay of the mean centerline velocity. The peak RMS velocity fluctuations occur at a location significantly upstream compared to the free jets reported in the literature.
I. INTRODUCTION
A plunging jet consists of a free jet that exits from a nozzle and plunges into a quiescent pool of fluid from a certain height. This phenomenon is abundant in nature and is also encountered in various industrial processes. Hydraulic jumps and waterfalls are examples of this phenomenon occurring naturally whereby they contribute to river oxygenation, which is crucial for the underwater ecosystem. Industrial processes such as wastewater discharge, sump discharge, aeration of chemical reactions for gas absorption or mixing and pouring of molted metals and plastics involve plunging jets [1] . Such easy-togenerate flows are valuable owing to their mixing efficiency by exchanging mass, momentum, and heat. Studying these flows is therefore important in order to understand and control natural phenomena and design engineering applications. Moreover, plunging jets are important from the scientific standpoint as they involve interaction of a free jet with a gasliquid interface, which generates a complex multi-phase, three-dimensional, and turbulent flow field that gives rise to numerous interesting questions [2] .
FIG. 1. Schematic diagram of a plunging jet.
FIG. 1 illustrates a plunging jet as it exits the nozzle. As the jet travels downwards, the liquid column undergoes acceleration due to gravity, resulting in an increase in the jet velocity and a decrease in its diameter [3] . Capillary waves form at the column base, followed by an increase in its diameter before impacting the free surface [4] . Beneath the free surface, the plunging jet evolves similar to a free jet whereby the axial velocity decreases with depth and the velocity profiles spread out due to diffused momentum and entrainment of ambient liquid. As the jet penetrates the free surface, velocity difference between the potential core and ambient fluid results in the roll up of the shear layer into primary vortical structures that resemble toroidal rings [5] - [9] . Formation of these vortices is due to growth of the Kelvin-Helmholtz instability [7] - [9] . As the primary vortices travel downwards, they grow in size and entrain ambient fluid towards the jet core resulting in its erosion and eventual termination at approximately y/D = 4 -5 [7] - [11] . This growth is both linear and symmetrical both towards and away from the potential core. Apart from interacting with the potential core, primary vortices also interact with each other due to mutual induction and undergo pairing [5] , [7] , [9] . These pairing events happen single or multiple times depending on the Reynolds number [12] , [13] . Studies have also shown secondary streamwise vortices or braids are responsible for further entrainment of ambient fluid towards the jet [8] , [9] , [14] , [15] . With the end of the potential core, the centerline velocity decays resulting in weakened shear. Consequently, primary vortices become unstable and disintegrate into smaller secondary structures that move downstream leading to fully developed turbulent flow [6] , [8] .
Ambient fluid entrainment plays a crucial role in the decay and spreading of both free and plunging jets. The term entrainment comprises of all mechanisms through which irrotational ambient fluid is incorporated into the turbulent region [16] . One of the earliest studies to measure entrainment in free jets was by Ricou & Spalding in 1960 [17] . They designed a novel apparatus consisting of a porous walled cylindrical chamber surrounding the jet. Since the chamber length was comparable to the jet length, they established a mean value for the entrainment coefficient (the derivative of normalized entrainment rate) and reported an average value of CE = 0.32. All their experiments were performed for Re > 25000, beyond which entrainment remained constant. Hill [18] modified the porous-walled apparatus by reducing the chamber height which enabled measurement of local entrainment rates by moving the chamber axially downstream from the nozzle. Experiments were performed for Re > 60000, and results indicated that the local entrainment coefficient started with a value of CE = 0.1 at y/D = 2 from the nozzle and increased to 0.32 at y/D = 13, which was in agreement with Ricou & Spalding [17] . Liepmann & Gharib [8] were the first to investigate this problem using Particle Image Velocimetry (PIV) and discussed the role of streamwise vortex pairs (braids) in the near-field entrainment of round jets. They showed that these braids develop from wave-like instabilities in the shear layer and play a major role in an inward flow of ambient fluid around the jet via streamwise vorticity. Han & Mungal [19] quantified ambient fluid entrainment in a free jet subjected to co-flow by direct PIV measurements. Although their entrainment coefficient agreed with Ricou & Spalding [17] , it took 35 diameters to converge rather than 13 as reported by Hill [18] . El Hassan & Meslem [15] studied the effect of nozzle geometry on the near-field entrainment of a free jet at Re = 9500 through stereo PIV. Lobed and chevron nozzles were found to produce streamwise vortex more efficiently than round nozzles, resulting in much higher entrainment rates. This was in agreement with Liepmann & Gharib [8] that streamwise structures enhance near-field entrainment for free jets.
While our understanding of the flow characteristics and ambient fluid entrainment for free jets is comprehensive, similar questions for plunging jets have not been addressed in detail. Most of the literature regarding plunging jets has focused on air entrainment mechanisms [20] - [22] , bubble size distribution [23] , [24] , bubble penetration depth [25] , [26] , mean residence time of air entrained [27] , [28] , and mixing characteristics [20] , [22] .
Very few studies have been dedicated to the flow field development of the plunging jet itself [29] , [30] , especially in the absence of air entrainment. And to the best of our knowledge, there has been no study on ambient fluid entrainment for plunging jets. Considering these research gaps, this work investigates the flow field of a plunging jet using time-resolved stereo particle image velocimetry (SPIV) at nozzle Reynolds number between 3000 and 10000. We quantify statistical flow properties such as mean centerline velocity decay, RMS velocity fluctuations and mean entrainment of plunging jets, and compare them to previous studies on free jets over a wide range of Reynolds numbers. In addition, the unsteady flow behavior involving vortex dynamics is also investigated and discussed.
II. EXPERIMENTAL APPARATUS AND PROCEDURES

A. Flow loop
Experiments are performed in a 0. 
C. Calculation of mean entrainment rate
Ambient fluid entrainment in jets can be directly measured through integration of mean velocity profiles obtained through PIV measurements [19] , [34] . 
where ρ is the fluid density and V is the mean axial velocity obtained from 1200 snapshots of the velocity field. To use Equation (1), it is essential to define a criterion to identify the jet boundary in terms of the axial velocity. In this work, this criterion is defined as the radial position where the axial velocity of the jet has reduced to 5% of the centerline velocity.
Values from Equation (1) can further be used to calculate the local jet entrainment coefficient as defined by Ricou and Spalding [17] 0
where dm dx represents the entrainment rate (the entrained mass flux per unit axial distance), and it is normalized by the jet diameter (d0), and the initial mass flow rate (m0). In this study,
we calculate both the normalized mass flux and entrainment rate for all test cases.
D. Scaling of the plunging across the air-water interface.
In studies on free jets, radial and axial distances are normalized by the nozzle Lower insets show the measurement location of the jet column diameter at the narrowest point above the meniscus before impact. Magnification calibration for this measurement is performed by placing a measurement scale in air besides the jet column.
Post-impact plunging jet diameter is acquired by measuring the width of the axial velocity profiles right below the free surface (upper insets), and magnification value is acquired from Stereo PIV calibration. As the Reynolds number is increased, post-impact jet diameter increases from 0.85 at ReN = 3000 to 1.12 at ReN = 10000. Moreover, increase in the plunging jet diameter across the free surface is approximately 33-36% for all Reynolds numbers, which necessitates revision of length and velocity scaling. This revision is essential in order to compare our results with previous studies on free jets as it allows representing plunging jets with different nozzle velocities, nozzle diameters and plunging heights as free jets at the air-water interface with a certain diameter (DFS) and velocity (VFS). We introduce a new free surface Reynolds number (ReFS) in Equation (3) D Re
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with values for each case shown in Table I . The physical quantities presented in this paper are therefore reported in nondimensional units divided by the jet diameter DFS and jet velocity VFS at the free surface.
III. RESULTS
A. Centerline velocity decay
Decay The axial distance where the mean streamwise velocity starts to decay is usually referred to as the length of the potential core, which is a conical region between the nozzle (or free surface in case of a plunging jet) and the closure point of shear layers [6] - [8] , [10] . For free jets in the literature, centerline velocity starts to decay in the range y/D = 5 -7 [7] , [10] , [13] , [35] - [38] , which is in sharp contrast to the plunging jets herein, where the centerline velocity in the potential core remains above V/VFS = 0.98 until approximately y/DFS = 2 -2.5
for all cases except for ReFS = 5004. For the latter case, an initial descent at y/DFS = 1 is followed by a plateau where V/VFS stays at 0.96 before the final decay starts at y/DFS = 2.5.
This behavior contradicts literature results at higher Reynolds numbers, where the centerline velocity stays constant until the decay region starts [7] , [13] , [35] , [39] . However and CE profiles beyond ReFS ~ 9000 demonstrates that plunging jet entrainment has become independent of the Reynolds number. This is consistent with results of Ricou & Spalding [17] who reported that the ratio m/m0 became constant for free jets beyond Re = 25000. However, for plunging jets, Reynolds number independence occurs much earlier at ReFS ~ 9000. Due to limited field of view in the axial direction, CE values for all cases do not approach an asymptotic value, however, it has been established in numerous studies that the entrainment coefficients in all jets, irrespective of their initial conditions, do approach an asymptotic value when the flow achieves fully developed turbulence [8] , [16] , [18] , [19] , [40] . Overall, plunging jets at low Reynolds numbers are much more efficient in entraining ambient fluid in the near-field, and increase in the Reynolds number causes a decrease in the mean entrainment coefficient.
D. Unsteady flow behavior
The FIG. 8 (a -c) ), which occurs earlier than free jets in previous studies over a similar Reynolds number range. Leipman & Gharib [8] reported that the first pairing event for a water jet at Re = 5500 usually takes place before 2.5 jet diameters while a recent study by Violato & Scarano shows occurrence between 2.7 -3.5 diameters [9] . Pairing of the adjacent vortices in the shear layer occurs as a result of mutual induction whereby the downstream vortex induces an inwards and axial flow at its trailing edge, causing an increase in the convective velocity of the upstream vortex. On the other hand, an opposite but less pronounced flow is induced by the upstream vortex at its leading edge as it pushes the flow outwards, causing a decrease in the convective velocity of the upstream vortex [9] . Eventually, as a consequence of the difference in the convective velocity of the two adjacent vortices, a pairing event occurs. Subsequently, the resulting single vortex increases in size and convects downstream until y/DFS = 2.5 -3.0 before disintegrating into smaller secondary structures (arrows B , FIG. 8(a -c) ). 
IV. DISCUSSION
In this study, statistical flow properties of plunging jets such as mean centerline velocity decay, RMS velocity fluctuations and unsteady flow behavior involving vortex dynamics are analyzed from SPIV measurements. Moreover, we have provided the first comparison study on mean entrainment of ambient fluid between plunging and free jets.
A. Comparison between plunging jet and free jet
For all plunging jet cases in this study, primary vortices appear immediately below the free surface. This is in contrast with previous studies regarding free jets where it takes approximately 2 -2.5 nozzle diameters for the vortices to shed from the shear layer in the same Reynolds number range [8] - [10] , [38] . Although the mechanism for shear layer roll-up is the same, i.e. velocity difference between the high speed jet column and the ambient quiescent fluid [2] , [8] , the plunging effect accelerates this roll-up, resulting in early vortex (FIG. 6(a) ). This was also concluded by Qu et al [30] in their study comparing the flow structure of a plunging and submerged jet at Re = 5325 where increased RMS fluctuations and an early start of the entrainment zone led to premature decay of the mean centerline velocity (Fig. 14 in the cited paper) .
Early decay of plunging jets is also linked to higher near-field entrainment for all Spalding for free jets, albeit at Re > 25000 (Fig. 3 of the cited paper). Due to limited field of view, entrainment coefficients for all cases did not achieve an asymptotic value, which is reported to be 0.32 for free jets.
B. Increased entrainment efficiency for low Re plunging jets
Among the plunging jets, the ReFS = 5004 case has higher levels of RMS velocity fluctuations which leads to higher turbulent intensity and enhanced mixing that facilitates mass and momentum transfer from the shear layers towards the jet centerline, resulting in higher entrainment efficiency. This relationship was initially explored by Crow & Champagne [7] in their study on excitation of free jets. They demonstrated that forcing the jet at various excitation frequencies inflated the turbulent intensities along the centerline in the near-field, resulting in increased levels of entrainment (Fig. 29 of the cited paper). Higher levels of entrainment have also been correlated with increased turbulent intensity in a recent study by Quinn et al. [42] on circular and triangular jets in which they reported that latter were able to entrain a greater amount of fluid owing to higher turbulent intensity along the centerline ( Fig. 6 and 9 of the cited paper).
Higher levels of RMS velocity fluctuations that lead to increased entrainment efficiency are due to the presence of strong primary vortices in the shear layer at ReFS = 5004, a phenomenon that is significantly weak in the latter cases. As these vortices convect layer can grow until the end of potential core [8] , [10] , [11] . On the contrary, at high
Reynolds numbers, the development of the shear layer is rapid which results in quick decay of the vortical structures and subsequent generation of fine-scale turbulence that suppresses large-scale mixing. This is in agreement with observations of Kim & Choi [11] in their LES study and Todde et al. [10] in their experimental study on the structure of low Reynolds number free jets.
Recently, several high resolution computational and experimental studies on free jets and boundary layers have performed a rigorous analysis on the characteristics of mass entrainment at the turbulent/non-turbulent interface (TNTI) [43] - [46] . By means of mass-flux spectra, it has been shown that entrainment is a two-stage process that occurs on two different scales with substantial scale separation. The first stage involves "bulk entrapment" of fluid across the TNTI by large eddies of the same scale as the jet diameter. These eddies also give the TNTI its characteristic shape that consists of indentations on a variety of macro-scales.
The second stage involves "nibbling" that occurs on the order of Taylor microscale and is independent of the large-scale motions [43] . Nibbling is carried out by a thin viscous "superlayer" that resides on the large scale indentations and has high levels of vorticity [43] - [46] . In this two-stage process, the large eddies are responsible for a) bulk entrapment of ambient non-turbulent fluid across the interface and b) providing a larger surface area to the TNTI so that the second stage nibbling process occurs more efficiently [44] . Applying this analogy to the plunging jet cases, we believe that higher entrainment efficiency at ReFS = 5004 occurs because of large primary and secondary vortical structures that are responsible for the convoluted shape of the TNTI facilitating both bulk entrapment of the ambient fluid and small scale nibbling due to larger surface area. At higher Reynolds numbers, primary and secondary vortices saturating the TNTI are smaller with less swirling strength, resulting in small scale indentations and an overall reduced surface area. This suppresses bulk entrapment of ambient fluid and the small-scale nibbling process that is dependent on the TNTI area, leading to overall reduced entrainment efficiency.
V. CONCLUSION
The flow field evolution and ambient fluid entrainment in a plunging jet is investigated between nozzle Reynolds numbers of 3000 and 10000 (free surface Reynolds numbers of 5004 and 13292) with time-resolved stereo particle image velocimetry ( This study presents the first effort to quantify ambient fluid entrainment in plunging jets. Due to early development, plunging jets exhibit higher levels of entrainment in the nearfield compared to free jets. Entrainment values decrease with an increase in Reynolds number and become independent of the same beyond ReFS = 9000. Early development and higher levels of entrainment also show that plunging jets are not as efficient as free jets in conserving momentum and therefore have better mixing characteristics.
Future work may include extending the measurement domain in the axial direction and using Tomographic PIV to fully resolve the three-dimensional near-field flow structure.
This would provide more accurate fluid entrainment results by directly integrating the whole three-dimensional flow field rather than assuming axisymmetry.
